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TIICHNICAL MEMORANDUM NO. 1046

EXPER I1~iENTALINVEST IGAT ION 02? IWACT IN LANDING ON WATER*

By R. L. Kreps

The extent of agreement of the theoretical impact
computations with the actual phenomenon has not as yet
been fully clarified. There is on the one hand a oertain
imperfection in the theory (simplifying assumptions made)
and on the other an insufficiency in the experimental data
available. The object of our present paper is to show
how far test results agree with the a~ailalle approximate
computation methods, to investigate in greater detail the
physical nature of impact on water, and to perfect the
experimental method of studying the phenomenon.

It is shown that the vertical immersion of a freely
falling body of a given shape is determined by the nondi–

gB
mensional parameters v = — and I.L= ~ (where B is7.2

a characteristic dimension; g the acceleration of grav–
ity; To the velocity of the body at impact; m, the
associated mass; M, the mass of the falling body). For
a sharply defined impact having the weight of the body
eq-o.alto the aerodynamic force, as is the case in the
landin’g of seaplanes, the impact phenomenon may be deter–
mined by only the nondimensional parameter U.

Tor the analysis of the obtained experimental results
the fundamental impact computation formulas are given.
The experimental procedure is described and the accuracy
attained indicated. The tests were conducted on a number
of different shapes: a disk, a disk with aperture, a
wedge or V shape, and a wedge with slots. The results
of all these tests showed a deviation of the test curves
of the ratio of velocities before and after impact from
the corresponding theoretical results computed by the
for~mulas of Wagner. The reasons for these deviations is
explained by the failure to take into account in the
equation of motion of the body during impact of the weight
of the body and the resistance of the water.
— —
*3.e~ort No. 438, of the Central Aero—Hydrodynamical Insti—
tute, lJiOSCOw, 1939.
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The tests on the V shapes. indicated a considerable
decrease in the discontinuous velocity change during .
impact with increasiilg we’dge angle.

Yrom the theoretical investigations it follows that
the pi”esence of even a small slot on the surface of the
body sharply reduces the magnitude of the associated mass
on impact. The dropping tests conducted on a slotted V
shape a~.~Lon a disk with aperture did not show for these
bodies any corresponding decrease in the impact velocity
change . The experimental determination, however, of the
associated mass of the va,rious bodies with openings.g”ave ,
in coi~~>leteagreement with theory, a considerable decrease
in the associated. mass of these bodies as compared with
sifiila,rbodies without openings. An analysis of these
facts is given which leads to the conclusions that in a
number of cases the discontinuous velocity change on
impact is not with sufficient accuracy determined by the

v 1
usually accepted formula — = —.— ● It may be assumed

To 1+~
that by taking into account the resistance of the water
the agi-eenent of the experimental results with the theory
~rould be considerably improved.

The problem of the vertical landing of a rigid body
on a b.ea.vyincompressible liouid is of interest from the
pOiilt of view of a numter of->ractical applications. The
mathe:tatical solution of this problem (on the assumption
of the nonturbulent character of the resultin~ motion)
reduces to that of finding a velocity potential rpl
WhiCh satisfies the Laplace efluation Ayl = O for the
follcwinG boundary conditions:

On the free surface:

(1)

wh ere

P is the density

WI the velocity of the liquid on the free surface
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Along the wettecl area of the body:

+)=v

1 nl
(2)

where Vnl is the projection on the inner normal to the

surface of the body of the velocity of immersion.

At infinity:

(3)

To obtain the law of motion, it is necessary to
integrate the ec,uation (the body is assumed to have a
translational cl.;wnwarilmotion)

(4)

wher e

~~~ is the mass of the immersed body

VI velocity of ths iminerscd body

pl – p. the excess -pressure on the surface of the body

dSx projection of an element of the wetted surface on
horizontal plane

and to find all the ma~nitudes of interest (forces, veloc—
ities$ pressures, etc.). Because of the existence of a
number of mathematical difficulties, however, this problem
has not received an exact solution. These difficulties
are d.-.~echiefly to the unsteady character of the motion of
the fluid when tha body is immersed, the nonlinearity of
the coniiitions on the free surface, and also the presence
of flow phenomena and spray formation leading to discon—
tinuous motions. The impossibility of solution of the
complete problem of the immersion of a body makes it noces—
sary to considor individual approximate cases.

The simplest scheme to consider is that of tho impact
of a rigid body on the surface of water (reference 2).
Impact reiorcscnts, as is known, a limiting case of motion
with instantaneous change in velocity (velocity discon—
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tinuity). Thus from tihc physical point of view the sub–
stituting of the immersion process by impact and hence by
a velocity discontinuity in place of a velocity change
leads from the mathematical point of view, to a simplifi–
cation of the conditions on the free surface and thcre—
fore to a simi>lification in the determination of the

velocity Potential 91” Thus , since the pressure on the
free surface is finite, the impulsive pressure (IQ
along this surface is qqua,l to zero

At

Ptl = lirn
J

pldt = .pQ1 = o (5)

o

and for the determination of the velocity potential ml
in the limiting case of iapact the following boundary
conditions obtain:

On the free surface: ~l=o
a~l

On the surface of the body:
~= Vn 1

In the solution of the problem of imp”.ct of a float-
ing body as also in general in the mathematical investiga-
tion of the phenomenon of impact itself, the infinitely
large forces are naturally replaced by impulses (references
3 and 4).

From considerations of the impact phcnorncnon of a
floating body an approximate solution of the problem of a
continuous nonstationary motion during immersion of a body
in a liquid was first obtained by Wagner (references 5 and
5). As a basis of this solution it is assumed that for
very sudden immersion of the body the motion of the liquid
at each given instanj of time may be considered similar
to that arising from the impact of tile corresponding float-
ing body. Tagncr,- morcover, takes into consideration the
fact. that in computing the forces acting on the immersed
body it is ncccssary to take- into account the increase in
the. wottcd area of the body due to the motion of the fluid,
T’his is done by the introduction of a function giving the
ratio of the velocity of i-mmcrsion to the rate of iccrcasc
of t’nc wetted area. The value of this function depends
essentially oil the shapo of the immersed body.

.
For tile solution of the problem gf immersion of a

wedge-shape body with small keel angle (a shape which is of
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int=rest f or seaplanes ) Wagner assumps that at each given
4,\ instant .of time th~ flow arising from the immersion of the
~w

body will be ‘identical with the flow due to the impact of1$

!/
a flat plate of width equal to th- wetted width of the
kody under consideration.

:!
l! Note that all pres~nt methods of computing the .land–‘1
II1, ing of s~aplanps on water are entirel,y based on the id~as
,i

broughtaut in the theory of Wagner (reference 7). The~
i correspondence of the theoretical computations with the

r~al phenom~na of impact are not as yet entir~ly clear,

\ sine- on the one hand there is a certain imp~rfection in
the “th~ory (simplifying assumption’s made) and on th~ other

? hand the experimental data availabl’~ at the nr~sent time

i
do not psrmit of drawing the required final conclusions.

! At th~ SZ!W time the substitution of theor~tical impact/
computations for sxp~rimental investigations appears vpry
attractive. In particular, it is essentially possible to
coml]ut~ the impact of th~ schnmatiz~d contours of thp
Stpp portions of floats. Gen*rally, the rrsults of towing
tests on invpstig~ted sections are reads th~ basis of th~
choice of contours. Th. rnsults of thes~ tests on the
hydrodynamic qualitips of thn seotion giv~ no indication,
howcvpr , of its “impact+ prop~rties. The possibility of
suppl~m~nting th~ towing tpsts by an analysis of tho s@c-
tions from the impact point of vinw would facilitate tho
problnm of a rational choic~ uf tho shapes of huls and

, floats.

As has elready been point~d out, tog~ther with the
thcorrtical inv~stigations of th~ problem of tho imm=rsion
of rigid bodies in an incompressible liquid, experimental
work has b~en carri~d Gut in determining the forces acting
on thn impact. A large part of all th~sp impact t~sts is
d~votcd to full scalp investigation of thp airplan~, in
particular, to th- study’ of th~ loads, deformations and
pr~ssur~s (r~f~rpnc-s 8 to 17).

Th.sc t~sts hav~ b~~n occasion~d *y th~ urgent rPquire-
m~nts of practic~, but provid- no ~stimate of th= d~gr~~ of
accuracy of th~ theory becaus~ of thp presonco of a largp
numb~r cf factors that complicat~ th~ ph~nomonon (Plasticity
of tho structure, thr~~–dim~nsional charact~r of tho pho–
noml=non , wavr- formation on th~ wat~r surfac@ , landing condi–
tions, ~tc, ). SpCcial laboratory investigations suitabl~
for c~mparison with thn thnory arc fow in number. Of theso
may bp mrntion~d the work of A. Povitsky (rfif@r@ncm 18) at
CAHI and of Watanahn (ref~r~ncp 19) in Japan.

--
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A very intpr~ sting pictur~ may b= obtain~d of the fall
of a body on wstor and th~ r~sulting motion of th~ liquid
under lab~ratory conditions with th~ aid of a high-sp~-d
movio cam~ra. At th,” sam~ tim~, a quantitative pr~sentation,
tog=th=r with th= purply qualitative= pictur~ of ths phcnom-
~non, is obtain~d of the interval of immnrsion up to th~
pdg~s of th~ bod;r. Th~ high-sp~~d pictur~ ohtain~d in 1937
at CAHI (r~fcr-nc~ 18) of th~ dropping on wat-r of various
b~dies (w~dg~, disk) showod that th~ length cf th~ immPr–
sion interval of th~s~ bodios is v~ry small and, in c~rtain
casl~s, is givan in thousandths o.f a second (th- duration
~f th~ impact d~p~nds on th= weight and tho initial V.lUC–
ity as wall as on th~ sh~po cf th~ body). Th~ data thus
obtain~d indiceta that it is fundam~ntelly pormissibl~” to
r~gard the immprsion of th~ bodi~s as an almost instantanP—
ous pr~cess. With tho aid of th~ phot~graphs hmro sh.wn
(figs. 1 and 2) tho s-icc~ssiv~ steps in th~ imrii~rsion of
th~s~ b~dims c~,n bc followod.

Tho obj.ct of t.hfipr,~s~nt papnr is tu clarify th~ cor—
rpspond~nc~ .f th~ test r~sults with thuso of the availabl.
computational ~ethods and alsb to porfnct th~ pxp~rim~ntal
methdds for studying th~ impact of a body on wat~r.

‘QUATIOIJS OF I1~iPACT017 ‘VATER A~~D BASIC COi~PUTATIONAL FORNULAS

I’h~ ~xact equation (in nondimonsiunal form) frr~ fall
~f a rigid body on th~ su.rfacp of wat~r will bo given. The
giv~n charact~ristic magnitudes ar~ th~ v>lucity of fall of
th~ body st th~ initial instant of immersion Vo, th~ width
cf th~ body B, and thp density of th~ liquid P. Th.
nonilimnnsional magnitud~s will b~ introduc~d with the aid
of th~ f~rmulas (rof~ronco 2G)

Tho boundary conditions (1) and (2) assum~ tho form

(7)



?Mp
mi = Vn (8)

ii
wh-r~ v , ~qual to

i! gB/~92 > is the r~ciprocal of tho
Froude numb~r.

;I‘
jj The ~quat ion of motion of the imm~rsed body in non—
II dimensional form b~cam~s”,i

P = ––:–z r’(P1 - Po)dSx
PBVO u

s

and

(9)

Th. n~ndim.nsiona,l magnitud~
2

P dpp~nds on v = @/~.
V(T) – that is,

P = prv(7), V]

Thus

~,{qv—= Ifv - P[V(T), u]
dt

(lo)

i’r~m equation (10) and conditions (7) and (8) d~fining
motion of th~ liauid. it f~lluws that in th~ fall of a

rigid bady dn watr.r thp motion bf tho water and of th- body
is characterized by tkl~ two constants:

(mass co~ffici~nt). Honc~ th~ imm~rsion of geometrically
similar bodi~s will bp dynamically similar if th~ condition
of constancy of t.hp numb~rs V and M is satisfied. F~r
thn impact phenomen~n, which is characterized by a rapid
chang~ in velocity, th~ acc~lerati~ns of the body and of
the wat~r particlps will ‘ho v~ry large. In this case it is
p~rmissibln to nmglnct also th. weight, and for dynamic
similarity it is suffici~nt to satisfy thp constancy of thp
mass co~fficicnt.

In thfl landing of a s~aplanp ~n water the weight of
tho lattpr balancps th~ aerodynamic lift forc~ of thp wings,
kut th~ wpight of th~ water do~s nut ess~ntially affect
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th~ disturbed motion of the watpr b~cause Uf the small
depth of imm~rsion and th~ displacem~nt of the liquid par-
ticles. For this r~ason, it is perm.$,ssibls in the giv~n
cas~ to consid~r th~ imm~rsion phenomenon as d=t~rmin~d
only by th~ mass co~fficient. In thus~ cases wh~r~ th~
eff~ct of the number v is n~gligi%ly small, the follow-
ing conc~usicn is justifipd: !lh~ expressions ~f all non–
dim~nsional magnitud~s

——- ————
associa,tpd with ~pact on wat~r as———-.-—-- ——- -————.——- -——--_—-

functions of the nondim~nsional time T
—-—-—.

-——-— ———-——-——— ma~ contain as——-————-— ———
~aram~ter ~nly_tho mass co=ffi~t.

———
IrIpa,rticuler, all———-——- .—--—--———-———

a.sy.mptotic valu~s of the nondimensional magnitudes dep~nd
cnly on th~ mass copffici~nt Ml and not on the Froude
number , and th~r~for~ also itnth~ initial sinking vplocity
To. !Phis th~oretical conclusion is confirmed by t~sts
th~ r.=sults sf which will b~ present-d in what follows.

In th~ application to a very sudden nonstationary
im!fi~rsion thp reaction of th~ wat~r at each tim~ instant
may b~ assumed as giv~n hy (r~f~roncp 5)

& (mV) (11)

m associat~d mass

(Th~ magnitudes a.r~ h~r- dim~nsional. )

If th- associated mass during the immprsion of thp
body is at each instant assumed equal to the associated
mass for th~ w~ttad portion Uf the body, then considering
only tho reaction of thp wat~r, th~ ~quation may h~ written

‘ V3
v=——

l+U

wh~rp

Va initial vplocity

(12)

(13)

-1.—- -! . . . . . . .! ----- ,,., ,. . , . , ! . . . . . . m.-,. ,,,,, ,,,,.,,., ,,,.... ....-..,,, , ,, ,
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M=: a nondimensional co~ffici~nt of which the value
&.A for a characteristic imm~rsion may hP taken

as a basic parametpr instead of th~ mass co@f–
\ ficient
) ,.
? The dynamic characteri of the plienompnon is ’partly

tak~n into account considering the true wetted area which
b is incr~ased by the motion of the displaced liquid.

Ior tho cas~ uf a V–shape body of very small V angle
the ass~ciat~d mass is taken equal to the associated mass
of a flat plate (refer~nce 3’)

m =;PC2L (14)

This ~xpr~ssion may, h~wev,~r , ~c madfi somewhat more accu—
rat-. Since uncl=r real c~ndit$gns a b~dy of definite V
angle and finit~ l.ngth–to-width ratio is being dpalt with,
i
i

is necessary to introduce a correction for th~
( ~) and finit~

V angl.
asprct ratio (Ea)o The first of these is

bas~d on th~ exact solution of the probl~m of impact of a
V shap~ (ref~r~nc~ 2):

[

‘(w’(:)
E,(P) = Q;Q —.-———————————————— 1‘(:+9’(1-:) 1 ’15)

wher~

r(x) Tuler function r

For small V angles this c~rrection may be written in
a more simple form:

(16)

Th. correction for finite aspi=ct rati~ ~a obtained
by Pabst as a r~sult af analysis of ~xperim~ntal data ob-
tained in tests on a flat pls.to is (ref~renc,a 20)

.

(E2(A) = —-~-— 1 - 0.425 --~--=
)

(17).—+—
A+A’ 1+X

11= —
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For small valu~s of ~ = y~ 0 ,7,. thn correction b~comes

The final formula for th~ associat~d mass .f a V shap~ is
thus

(19)

where B = 2C, the entir~ width of th~ body.

It may b~ shown that for two dimensional symm~trical
bodi~s ~f slightly curv-d kc~l th= d~rivativc of the im-
mc.rsed dppth with r-sppct to th~ w~tt~d half width is con–
noctod with th~ shapp fifth~ body by th~ integral relation

Y(x)
u(c)dc

——-.——

f

X2
1 _ ——

~2

(20 )

c w~tt~d half–width

●

❙ (x) equation of cross—section of body

For y(x) = x te,n ~ (stra,ight k~plrd bottom) u(c) ‘=

large . To th~ increas~d wetted width .f the wedge there

c~rr~sp~nds tho d~pth h2 = ~h (fig. 3). For th~ interval

of imm~rsion in impact
t c

t=; J(1 + ~)cit . +- /’ (1 + V)udc (21)
o 0 0 0
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*. -..

(t’=2Ll +&L )
V. 3)

(22)

If it is assumed that in thp immersion tif a w~dge
up to its g~~metric btiundari es, it is also act~d upon
by thm resistance forcp af the wat~r . kV2 .

CD resists.nc~ cu-ffici-nt
.

&g SOC2
P d..nnsity, —7––

m

s w~tt=d ar~a

the ~quatiwn of .mUtiun assul~~s thn fur]il

:; [(1+ IA)v] = - : V2

v = ––––L-.––
(1 + ~)1+~

(23)

(24)

CD
Thus ,.in taking into account thm r,osistanc- ~-p SV2,

th~ result is f.rmula (24) instead of furmula (13). If
it is assum~d tha,t CD = 1.28 for a b.dy with small V
angl~ (this valu~ carrespands to data Jf a=rudynamic .t~sts);
then 8= 0.815 tan ~..

,.
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Ii.lP$.CT TEST PROCEDURE

Measurement Accuracy

The inpact tests were based on the pr~cedure w~rked
out earlier at the CAHI (reference 21) , which consists
pss~~ti~lly of fin3ing th~ disc~ntinuous velticity change
flurin~ impe.et, Acc~rdin& to fdrmula (13) f.r the ratiG
~f the v~locities bef.re and after the impact Vjvo

v 1.-—.
<= l+W

ThP fiirect test proccfiure with ~ur modifications may
be described as fQllows:

on the ~bject test+~.(for exemple, a Wedge (fig. 4)) a
vertical supp:rt is qcuntefi to which in turn are attached
at certain intervals two electric lamps fed by a 24-vDlt
st~r~ge ‘ba,ttery. The test cbjrct is suspended by a string
~r Thin rop~ over pulleys t~ a beam located on the surface
~f tho wpter. An adt.iti~nal rope is attached, serving to
rais~ and fix the body at the given h~ight. In afidition
t~ ch~cking tti~ vertical positian of th~ bcdy abov~ the
horizontal water s’~rface, z c~roful ccntr.sl is required of
the horiz.rit=l position cf the bcdy as a wh:.le. This
check is r,ade with th= aid ~f tw~ levels situated on the
upper surface of the b~dy.

In carrying cut thp tests a 2– by 3– by l–ueter tank
was employed the sup~rstructure of which permitted raising
th~~ tasted obj~ct t~ a height of 2.25 ifl~ters. The bocly
was released by cutting the suspension ropes. The motion
cf the falling body - that is, of the light scurces – was
filmed by a ph~tcgraphic camera having in frsnt of its
obj~ctive a slctted disk ratated by an el~ctric mot.r,
Th7 r:tating disk gave a series cf sh~rt strokes on the
film for the mction ~f the light s~urce instead :f a con–
tinu~us line. (See fig. 5.) l’r~m the lengths of these
strok~s and the distance between them the falling velocity
af the bady fcr varicus instqnts of time could be easily
deter,~in~d as fsllows:

Knowing the speed ~f the rotating disk (the rotational
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~
sp~nd df th~ matur is fix=d with the aid ~f an attach-d
tach~motpr) and thm nuub~r wf slots in th~ disk, the time

~ intnr’val can b~ found betw~~n th~ rpctirding ~f two suc–
~~ cpssive strokps. The paths travers~d by th~ light sourc~s

I~ can alsu be Pasily d~t~r~ined by neasure,~cnt on th~ filn
of the distanc~ %etwe~n th~ strok~s with a subs~quent

\ rnduction ~f th~sp r,agnitud~s t~ thp tru~ values af the
~ distances fall~n by th~ body. ThP l~ngths on th~ film are

r,~a,surpd with tho aid of a special r~ading comparator giv—
I

ing a magnification Uf 10 timas. Sinc~ the negativo has!,
I th~ trac~s of two l.ar:lplightsources, by finding the dis–
I1 tance botwe=n the latter and kn~wing the true pusition uf

the lar:ps on the b~dy, thp n~asurp is obtain~d for tho
full–seals c~mputation df th~ data .btainPd on tho film.
Fr~m th~ phot~graphs obtain~d, thp distanc~s and falling
v~locitips of th~ btidy can b= detprminod.

L actual distanco botweon lax.ps

a. distanc~ travors~d by light s~urce in a givpn time
int~rval (~n thp filn)

At tinp interval rending

Each object with d~finit~ laad is tested for various
dropping h~ights - that is, f~r vari~us initial impact
vplociti~s VU. F.r camputing the ratio .~f velocities

~ b~far~ and after inpact v/vd a diagram is constructed
~ of the falling velocities of tho body for each interval

of tii.i~ At. Because of the smallness ~f this interval
1
I

there are usually constructed not thp instantaneous veloc—
itimS as a function of th=” time but t,hp distances tra~ersed

L@ by the bady in thpse tine intprva,ls and the velacity ratio

/! v/v. is c~rnput~d as the distance ratio a/a. before and
after inpact for the sam- tin~ interval At. From the,!

It
analysis of one filu rpcord, a spri~s of increasing
valu~s ~f a are obtained corresponding to the increase
in the. vplucity ~X t,h~ body falling in air; thpn a few
valu~-s of a corr~spanding to c~rtain xean values of thp

1–, —.——-.— -........



- —. —.

I

14 NACA -T_chriical Meuorandu’m No. 1046

vcla’city at th - instant of iupact; and finally a s~ries
of valu~s of a corrt=sponding to thp v~locity of imm&r-
sion with si~all accclaration (f”ig. 6),.

To determino th~ vol~cities dir~ctly befvrr and aft~r
inpact, th~ pruc~dur~ is as foll~ws. Two straight lin~s
ar~ drawn b~tw~~n th~ points corresponding to th~ motion
of th~ b~dy in the air and th~ points corrcspunding to th~
slow im.:prsion in wat~r and through tth~ intprmpdiate pdints
a lin~ is drawn intersecting the first two lin=s. ThP
p~ints of int~rs~ction thus obtain~d det.eruine (with a
cprtain degree of appraxination) the required v~l~citios
v and V.. It is quit”~ clpar that the smallpr th~ cut–
Off tiifio;nt~rval th~ nm~ accurat~ly it is passiblo to
establish th~ beginning a,nd tha ~nd ~f th~ i~:lpact,and
hencp the v~lscity ratio V/v’.

C.nputing the duratiun of th~ impact by th~ foraula

2h2 ‘
t

(

~+ gfi\
= —. -—

llvJ 3G/~
(26)

(wh~ro G is the weight of the w~dg~ in kg) f~r th~ w~dg~
with a.nglc 5Q40t ftir values .f w fr.~ 4.66 to 2,33 and
initial v~llcities Vu froi: 3 tu 5 r!et~rs p~r s~cdnd, the
duratiun cf.th~ i~pact was ~btainmd as 0.003 td 0.006 s~c–
and. As ;.layb~ s=~n fru:.1foril,ula (26) th~ timp t d~–
cr~as~s with increas~ in tho w~ight G and the initial
v~l~city V9. An att~;~iptwas ~adp th~r~f.rp t~ dbtain r~c–
.rds of the distanc~ travprs~d by the b~dy in timp int~r—
Vals considerably lPSS than thus~ indica,t=d. In tiur ~xper–
inpnts th~ cut—off timp intprval was Pqual to 0.00166 s~c–
bnd (in sur~~ tpsts it PxtPnd@d to 0.006 SCC). Tho li,nit–
f?lg sizP .f th= tim~ int~rval is giv~n by the distanco that
it is p~ssiblp ta s~pa,rat~ the s;;z1l str~k~s cdrrosp~nding
to tho ndtitin of th’> lar.lpsJn th~ ph~t~graphic film. To
irlcr~asc th~ scal~ of tb.~ str~:kms and th~ int-rvals b=twpen
~h~m, it was npcpssary t~ us~ ph.t.graphic apparatus of
dix~nsil;ns 40 b}- 52 c~nti.lpt~rs. A furth~r d~cr~as~ in
tho cl+t–~ff ti::~ int~rval rsquir~s thm d~v~lopm~nt 6f SpP–
cial apparatus far r~c.,rding th= i:,~titin ~f tho falling
b,dy.

In c,Jncluding the rioscripti~n of thp oxp~ri~.l~ntal
prtic~dur~ f~r th~ impact =xppri:.l~nts, the quostian ~f tho
accuracy in tho vel~city dOtPrminatiJn will b~ considered.
Tho err~rs arp thos~ involv~d in filming tho falling body
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and r=ading th~ r~curds. The first depends essentially
un th~ unif,JrMity Jf rotation of the Campra disk: in

r.,

oth~r wards , IJn th~ equality of th~ tiu~ intervals b~–
tw~~n th~ passago of tw~ neighb~ring slits of the disk
in front of th~ objactiv-. Thn calibration of the film
rpcord indicat~s that th~ ~rror dus to the n~nuniformity
of the disk rotati.n does nut ~xceed 0.5 p~rcent.

‘Th~ accuracy in the Corilputation ~f th~ velocity
chang~ may in turn d~pend tin twu fact~rs: namely, on thp
accuracy of thp measuro~fiont .f thp lpngths of th~ str~k~s
~n th~ filifland on thp accuracy ~f drawing the lines an
the vfilocity diagrai~, ~spp,cially the int~rs~cting straight
lin~. ThP accuracy uf m?asur=mpnt of tho l~ngths depends
:n th~ accuracy in reading the comparator apparatus and
.n tho pnrs.nal errdrs ~f tho axpcriri,.ntor.

Th~ accuracy p~ssibl~ with thp co,.lparat.r uspd was
Pqual to 0.001 1’1L2.Th~ “~Prs(Jnal ~rrors zr~ duc mainly to
tho dit”ficulty in dpt~rtiining the start of th~ str~ka on
account Gf th~ blurring Jf th~ ~dg~s.

‘l?h~b~st mpthod fJr ,~stil~ating th~ subjectiv= Prrors
is a s~ctind r~ading <Jf thp s~i~~ film record. Accdrding
t~ chock r~adings the dpviation in magnitudp of a neasur~d
lpngth does not Pxcood 3 p~rcent, but usually it fluctu–
‘atPs within thp liuits of 0.5 to 1 p~rc~nt.

ThP prr~rs in thp dntPr,Jination of VO and V will
n.iw b~ considerod~ Th~ :.laxir,umorr~r in the d~tprnination
.f th~ instant of start df ir:pact (i.e. , th~ p~int .Jf in–
t~rsection Uf th~ upper straight line with the secant)
cannot b~ gr~ater than the tii.i~interval At. Since up to
thp instant of impact, thp ndtion, roughly sp~aking, is
that of a frp~l~ falling btidy (Vl = V* + gt, where V* “
is the initial vmlocity), if th~ r~pan valu~ Uf tho interval
At = 0.003 s~c~nd, it is found that for the tim~ interval
1/2 At = 0.0015 sectind the body dev~lops the additional

/ velticity AT = 9.81 X 0.0015 ~ 0.015 m~tpr p~r sec~nd.
This absulutp nrror dti~s n.t dppend on th~ valu- ~f the
initial velacity. If it is r~menbered that in th~ tests
thp vplocity b~fdre impact V. varipd within the rangp of
0.8 to 8 n~ters per second, the values of th= maximua rela—
tiv- ~rror is found t~ lip within the limits 2 to 0.2 per-
cent.

This computation of th~ ~rr~rs again confirms what
has bp~n stat~d above – namely, that with d~creas~ in the
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cut—off int~rval th~r~ is an incr=ase in th~ accuracy of
determination of th~ vpl~city change in impact. Th@ ~rror
in computing the velocity after impact V - that is, th~
location uf th~ points of int~rsection with th~ low~r
straight lin~ - is very shall (of the ord~r of 0.5 p~rcent)
since at th~ start of th~ immersion with suall accel~ra-
tion ths velocity of the body chang~s vpry slowly (th~
straight lino is v~ry slightly inclined from th~ horizcn—
tal).

R.suning th~ abuve discussion with rega,rd to the
accuracy in the d~t~r~inati~n of th- velocity ratio Vjvu,
it may he stated that the method described assured an accu—
racy within the limits of 1.5 to 4.0 percent.

TTSTS WITH THE DISK

One of the objects seiected in the investigation of
the impact pkencmena for a body dropped on water was a
disk, the latter being a shape for which an accurat~ the–
oretically computed expression for the associated mass
(m = 4/3 X p r=, where r is th~ disk radius (reference

‘3)) is available. The disk was of aluminum and had a
tiiameter D = 0.5 meter and thickness h = 7 millimeters.
The tests were conducted for two weights of the disk (dif–
ferent loadings per unit area) G = 8.1 kilograms (V =
1.33) and G = 15.66 kilograms (V = 2.56) within the range
of initial velocities V. from 1.25 to 7.25 meters per
s~cond.

From th~ test results it appeared that the test curves
obtained for th~ velocity ratio v/v. for the disk do not
coincide with the corresponding curve6 computed %Y the for—
mu 1a

v 1———
<= l+p

the test valups Gf V~o, up to a certain value of V.
being greater than thp theoretical (fig. 7).

For the disk under c~nsifi.eration for G = 8.1 kilo-

gra~>s, the ccnputed velocity ratio v = 0.2~1 and for

v
<

G= 15.66 kilograms = 0.429: The experimental values
<
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.
for th~ first weight chang~ from x . 0.345 to ~=

V.
v

V.

0.24 a“nd for the second weight fro”m--— = 0.51- -to
v V.
—— = 0.34.
V.

As may b~ sepn from th~ above figures, the differ–
~nce between experiment and computation shows up particu—
larly sharply for the larger weight of the disk. Thus ,
judging by the t~st results, it may be concluded (in
correspondence with theoretical investigations (see sPc–
tion 2)) that tho v~locity ratio v/v. for small initial
v~locity and larg~ weight dppends on thp initial velocity
of impact V. as w~ll as on the mass of the body. Accord–
ing to the th~ory of Wagn~r, howev~r, the vplocity ratio
v/v. does not depend on the initial velocity.

In the ~quat~on of motion (leading to formula (13))

dv
of th~ falling body, ~t (mV),1;— = — ——

dt
no account is

takpn ~ith=r of the eff~ct ef th~ weight of th~ bsdy (Mg)
or of th~ resista,nc~ of tho wat~r during th~ immersion
which ma:~ be taken approximately proportional to the squar~
cf th~ v~locity kV2 nor of thm eff~ct of th~ hydrostatic
pr~ssur~ of th~ wstnr YSh. ThPs~ magnitudes, in particu–
lar, thm first two, havp an ~ffmct on the.v~locity change
during impact.

Tho approximate ~quation of motion of th~ body with
tho abov- ~orcp~ tak~rl into account is

d(m + l!)V————————— = llg – kV2 – ‘YSh
dt

cl) r~sistanc~ coefficient

P d~nsity of liquid

h depth of immersion

(27)

—— . .- ..-
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With th~ aid of equation ~27) the r~sults of the
t~sts on tha disk ar~ analyzed and also thp r~asons for
th= divorgenc~ betw~~n th~ ~xp~rim~ntal and th~oretical

v
curv~” of against Vo. As is s~~n from equation (27),

<

only tha w~i”ght assists in th~ fall of thn body, the “
oth~r forces ~xercising a r~sistanc~ to the motion.
First to bc consid~rcd is what happ~ns at small initial
volociti.-.s of impact Vo. Since th~ velocity before th~
start of impact is assumrd small, th~ third term of th~
Pquation kv= will not havp a large value whilo th~
w~ight (i:g) do~s not d~ppnd on thp velocity and its pro—
portional ~ffcct in the ~quation will bp v~ry large. !Th~
w=ight incr~ases th~ velocity aft~r impact V; h~nce for
small initial v~locities V. thp ratio v/v. should b-
grnater than th~ valu~ that would b~ obtain~d. from th~
.“,,. ‘v 1

corn-tiutationaccording to th~ formula —- = ----- ●

Vn l+M
The

hydrostatic pr~ss~r~ YSh is a sufficiently small value
and does not appreciably affect thp force balanc~.

Th~ abov~ analysis Pxplains to a co,nsiderabl= extpnt
tho Cxperimpntal r~sults o’btain.=d. As has already been
point-d out, for small velocities up to V. S 3 m~ters
p~r s~cond, the pxppriu~ntal, values of Vjvo incr=asp and
b~comc larg~r than th~ corr~sponding th~or~tical values
of V/V. (fig. ‘i’). If tho vplocity bpfore impact V. is

larg~, thp velocity after impact has a relativ~ly large
valu~ and hcnc~ also th~ wat~r ros,istanco kV2 in” th~
force Pquation has a considorabla valup. The wpight i!g,
as has bpmn pointed ~.t,do~s not dnp~nd on th~ v~locity,
so that its proportional Pffoct in ~qua.tion (27) decreases
as th~ t~rm kv~ incr~ascs. In ath~r words, with increase
In thp force at tho start of impact ther~ is an incr~ase
in the r~tarding offoct of tho wat~r and th~r~for~ a de—
cr~as~ in th. velocity after impact, so that th~r= is a
docr~as~ in tho ratio v/vo. It is also cl~~r fr~m figure
7 that starting with th~ velocity V. Z 3 metdrs p~r sec-
ond thn test curves of v/v. against V. drop b~low the
corresponding thoor~tical curvns, ~spocially for thfi
wpight G = 15.66 kilograms.

ThQ nffpct of the weight of th~ body in decr~asing
v/v. may b~ ~xplainnd by thp fac,t that with incr~ase in
thp mass ]! the velocity of imm~rsion of the body in th~
watpr immodia.t~ly aft~r impact increases, which in turn
brings about an increas~ in kV a – that is, a retarding of
tho motion and a, dpcrpas~ in tho vvloci+y aft~r impact.
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If the chang~ in v~locity is considered according.-—-
to tha theory of a rigid body, th~ graph of these vmloc–
iti~s as a function of th~ time would have th~ appearanc~
of the full curv~ in figure 8. Actually, howpvpr (for
large initial velociti~s Vo), %Y taking account of thp
tprm kv 2 thp v~locity chang~ obtain~d is that shown by
thm dott~d curvp (amd th~ velocity af;:; impact is not
flqual to V hut to a small~r valu~ .

On th~ basis of thp r~cord of th~ motion of thn
disk on impact and th~ high-spppd photograph of thr fall
of th~ disk on th~ water it may b~ conclud=d that the
proc~ss of impact do~s not ~nd at the instant th~ disk
mak~s contact with th~ surfac~ of tho wat~r as is assumpd
in tho thcor~tical computation (not taking account of thp
Pff=ct of kV 2 and Mg) but sompwhat later - that is,
aft~r tho disk has boon immnrsmd in th~ water to somp
depth. By thm nnd of th~ irlpact process is meant that
instant at which thn cha,ng~ in vplocity bacomos v~ry
slight. Th~ offact of tha water resistance kv 2 on th~
valu~ of th~ v~locity aftar impact V dep~nds on thp
proc=ss of immprsion of th~ disk, th~ motion of th~ body
bping giv~n by @quation (27).

To ch~ck thp off~ct of the diff~r=nt forcps @ntering
thn Cquation ?f motion on thp v~locity, th~ change in the
v~locity ?atio as a function of tho initial velocity for
various combinations of th~s~ forc~s (th~ t~rms of thp
Oquation) was comput~d. (Smc figs. 9 and 10.)

In computing th~ v~locity aftpr impact V2 it was

Ve
a.ssumod that the initial v~lecity Vo~ = ——–— . Th. dura–

l+V

tion of th= impact on th~ basis Gf the t~st Curvps was
chos~n as ~qual to 1.5 times th~ cut–off int~rval At,
sincp , judging by thoseecurvos, th~ proc~ss of rapid
change in vnlocity Gccurs within on~ to two int~rvals At.

Th. Chang. in VZ/Vo as a function of V. was com—
puted for six combinations of tho acting forcos for
At = constant = 0.016 s~cond. (SPO figs. 9 and 10.) From
curvps I and II (fig. 9) it follows that th~ hydrostatic
forc~s have a small effect on tho valu~ of the ratio v/vo.
As may bp s~pn from figures 9 and 10, all thp curv~s ob–
tainod ‘in taking account of th~ weight Mg for small
initial impact v~locities pass abov~ thp straight line..V.
Tlz= _____ For large vplocitips with the resistanc~ kV2

l+U
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ta.k~n into account all tho curves pass b~low this straight
linp. The test points for thm disk of w~ight G = 8.1
kilograms lips closest to the curv~s obta.inod from the
Pquat ions

For th~ weight G = 15.66 kilograms th~ tnst points fall
a.lnost ~xactly on thfi curvo cxpr~ss~d hy th~ ~quation
id dV

= I.ig— kV2.
z:

As has b>cn not-d, all the curves aro

constructed for tho tim~ interval 3/2 At = 0.016 s~cond.
If thm computation interval is tak~n l~ss than 0.016 s~c–
end, all th~ thoor~tical curv~s approach ~ach othnr and
d=viat~ from th~ test points.

If it is assum=d that thm motion of the disk on impact

~JIdV
is cxpr~ss=d by the Pqua,tion = Iulg– kV2 - m ~,

;:
tho

dt
v~locity of immprsign of th- body as a function of the
d~pth of imr,,~rsion ma,y ?)~ rppr~sont=d in th. form

.—

/

~ 2T – 1+ f V. 2
v = .1. —–––-––—––-d

.Y f
(28)

f’——gf h

~=dl+w
-———

h depth of im!fiersion

v o~ vplocity aft~r impact (withcut taking account of th~
t-rm kV2)

On th~ othmr hand, if th~ velocity of th~ body V is
known , its d-pth of imi~k~rsion can b= deti~rmin~d:

!
————-——
Vol – 1

h= —————_— (29)
f~z _ 1
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Taking th~ t-st valu~s of the vdlocity -aft=r impact- v ‘and-bmfor~ impact To and corLputing Vol by the
,?
“oformula Vol = -—

1+~
yields th~ corr~sponding depths of

“immnrsion of th~ body on impact. Thus , for ~xampl~, .
th~re is obtain~d in th= disk tests for V2 = 2,18 u~ters
p~r s~cond and V. = 5.89 m~tcrs p~r s,~cond th~ value
v al = 2,53 and th~ d~pth of immersion h = 0.046 nct~r -
that is, th~ impact ~nded aft~r th~ body was immersed 46
nilliin~t~rs in thm wat~r. M~asurement on th= film of tha
distanc~ botw~on th= last strok= corresponding to th-
mction of th= body in th~ air and thp strok~ corr~sponding
to the start of motion of the disk in th~ water (th= im–
pact interval) gavp th~ d~pth of irnmprsion h g 40 milli-
m~tcrs, a r~sult which confirms th~ above computations.

From thm oxprnssi~n for the velocity (obtained ‘from

IWO,(l -i- ~)
v. ————_-_-—— —— (30)

ktvol + 1!(1 + ~)

th- duration of tho impact is found

M(1 + &)(vo – v)
t = —––––––––––—–– (31)

kVVo ~

For th~ initial impact vnlocity of th= disk V. =
5.89 r,~tnrs per s~cond th~ duration of thp ii,lpact t =

0.019 s~cond; this tii.:-int~rval is C1OSO to that chos~n
in our computations.

In conclusion, it ,fia,yb~ stat~d that by taking into
account the r~sistanc~ kV2 and th~ w~ight ‘ ths the–
or~tical computation of tho velocity ratio V;:. may be
uade to agrmo mor~ closmly with the .=xp~rim~ntal results
obtain~d.
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TRSTS oh STRAIGHT v SHAPES (WEDGES)

The tests on w~dg~s wer~ undertaken with several
obj~cts in mind. It was first of all dr=sirabl~ to ch~ck
wh=thnr the conclusions drawn from the tnsts on th~ disk
as r~ga.rds thp ~Cc~ssity for taking into account th~
rr~sistanc~ forc~ kvz and the w~ight Mg were applicable
to gcomotric bodios heving a sha.p~ si,,lilarto the steps
on th~ bottoms of s~apla,n~s. A w=dg~ riay b~ consider~d
such a body and. r,ay b~ ta.knn to rppros~nt a sch~~atiz~d
:~od~l of the botto~:~af a saaplan,. float, I’or a body of
this sha:o~ th~ thmorpticel Li.thod given by ‘flagn~r (r=f~r–
~nco 5) is available.

It was nnc~ssary to nxplain ths liuits of applica,–
‘Dility of thms~ computations for various valu~s of th~
initial para:>otors. In th~ wrdgp tests th~ro was also
invmstigat~d th~ ~ff~ct of tfi~ V a,ngl~ on th~ iupact
v~locitins Snd thorn W.aS also chackod th~ ~ff~ct of tho
~vz and tho ~:g tprris on the velocity ratio v/v. f or
various ‘r~ngles.

rn~lp chcicm of V angle is of consid~rabln importanc~
in fi~signing th~ contours of th~ s~aplanc , sincp a prop~r
ch.aico .~ay assur~ good landing char?ct~ristics without
disturbing thm nor:ial planing conditions. All tpsts on
tho w~dgfis w~rn conduct~d in accordanc~ with tho procodure
d~scrib~~ in section 3 of our pr~snnt papmr. Th@ r~ini,lum
ti-.lointerval At attained in these t~sts was ~qual to
0.0G166 second. Tho WPdgn di..~nsions w~ro: l~ngth 2=
1500 ,~r.l;width b = 300 ~],];h~ight h = 16 i~m; V angl~
? = 50401. Th~ wndg~ was constructed of tpxtolit- anti
for gr~ator str~ngth an aluninum shp~t of 5—;.lilliuntor
thickness was attachrd to tho upp~r surface.

According to tho statistical d~ta collpcted in this
inv~stigation, it ]~ay b~ Psti..iatod that th~ nagnitud~

~=; in the landing of a full—scalo s~aplano fluctuat~s

approxiinatcly within th~ li,oits of 0.3 to 3. Correspond–
ingly the tests on the wodg~ wer~ conducted for tho four
Valums Of ~ as follows:

~ = %.43; p = 2.33; W=l: v = 0.468

From th~ sar~~ statistical data it follows that th~ vcloc—
iti~s nori~~l to thp soaplanebottom in landing fluctuates



,-– —

NACA. Technical M~morandum No. 1046 23

within th~ lir~its of 2 to 10 ~~et~rs p~r s~cond. (Th~sp
v~locitias ar~ of fundaupntal irnporta.nce in th~ impact
and correspond in our tests to thp vertical vplocity bQ–
for inpact Vo. ) If it is assurripdthat the width of hot–
ton s~l~ct~d by us is on th~ averag~ ono-fifth as larg~
ps th~ bottom of th~ full–scale aircraft, th~ naximu!n
volociti~s V. for th~ modpl t~sts uust be of th~ ord~r
of 4 to 5 net~rs per s=cond. In our wodg~ tests at vari–
ous va,lues of W tho naxinuu initial v~lociti~s b~fore
ir.lpactattain~d approxi,..ately the value of 8 m~t~rs psr
second.

The tmst r~sults obtainnd (tablp 1 and fig. 11)
indicat~ that for all va.lu~s of v at sLlall v~locities
V. th~ t~st curv~s of v/v. against V. lie abov~ th=
thcormticel curv=s (without thfi t~rl.ls kV~ and l~g t=k~n
into e.ccount) and ccnv~rsoly for larg~ v~locitios. With
incrcas~ in th- r,!ass M of tha bofiy (corrPsponFling to
a r?ecr~ase in p) th~ dnviation ‘o~twpi=n th= th~ory an?.
the tnsts incr~asos (fig. 12). Starting frou a va,luc of
vo of thp order of 2 to 3 J.10t@rsp-r spcond, a slight
changm in th~ ratio v/v. with furth=r incr~as~ in the
initial velocity V. ::iayb~ notod. This confircs what
was stat~d in section 2 with regard to th~ theor~tical
considerations.

_————————

We ight

(:g)

_———————-

13.6

20

4’7

97.6
—————————
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——————————————— ———————.

4
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v
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**Values of for study portion of curve = f(vo).
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The values .of v roost often occurring in the landing
of a seaplane fluctuate fro@.O.3 to 1.5 and it is just for
these valu~s of M, according to the curve of figure 12,
that th~ deviaticn between the experimental and theoretical
values 3f v/v. is greatest (~f the order of 15 to 20 per–
cent). (A certain effect on the test values of V/V. is
produc~d by the elasticit~- of the tested b~dyt)

The probl~u to what extent the theoretical c“amyuta–
tion may he made to approach nore closely the test results
by taking account of thp wat~r resistance kvz and the
weight of th~ body Mg in the equation of motion now will
be considered. If it is assumed that from the start of “
thfi.Lupact th~ :..otioncf the wedge satisfies- the equation
fc,r the ianersion of tk.e %Ody

(for th~ initial conditions t = O; V = VD, the velocity
beforr impact). Then, havin~ constructed the curves of
V against t and knowicg, even approximat~ly, the dura-
tion of the impact, it is possible to determine the addi—
ticnal drop in v~locity during iupa.ct as a r~sult of the
actian ~f the f~rces ){g 2ni! kva, On figure 13 curves
Gf v against t are ,drawn for thp initial velocity of
iJnpact (imr:,ersion) Vu = 5 meters per second and various
weights of the wedge G and TTaluPs of V. With the aid
~f thesp curves it is p~ssiblti~ to computa ths velocity
ratio iuring impact with the adc~.itional iirap in velocity
taken into account.

As an Pxample, i~t us assume an initial v~l~city bp-
f~ro im-~~ct Va = 5 meters per s~cond (far a.w~dge of
Wmight G = 20 kg). The the~r~tical value of thn ratio

f:r th= v<;iv~n cas= is = 0.3 (without the corrections)
<

an? th~ vpl~city after impact (theor~tical) is th~n
V = 5 x 0.3 = 1.5 meters p~r s~cand. Correction to this
valur will b~ me.de, account being tak~n of the additional
tir9p in v~lacity. Sinc~ the duration of the impact com-
puted by the formula

t=:!:ks!-‘
Trv3
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for th~ exampli~ give~ is equal approximately to 0.0041
second, the drop invelocity during imrn~rsion must be
taken f-or thr? same time intprval - At which from thq
graphs gives AV S 0.4 meter per second. The velocity
after impact is therefore .V2 = V - AV. = 1.5 - 0.4 =
1.1 m~t~rs per second, and the velocity ratio VJVO =
0.24.

As may b~ seen f’ram th~ above example by taking into
account the terms kVa and Mg , the theoretical values
Qf v/vg are made to ajprcach mere. clc’s~lY th~ experi—
mental values . It sh~uld be pointed out that the assumed
correction for th~ additi~nal drop in velo’city is some-
what exaggerated since, in thp computation, it was
assum~d that the w?tted area of the wedge during the
@ntire tim~ of imi:.ersionreuainpd constant and equal to
the maxiLoum value S; an,d. this led. to a d.ecroase in the
comput~d ratio v/va. It shculd also bp n’at~?,on th~
basis of th~ film rec.rcl analysis that actually the
durati~n of the inpact of the wedge is greater than fol-
lows from th~ c~mputation. (Thus , for Pxample, for the
velocity V3 = 5 meters per second the computed value of
At is 0.0041 secGnd anr? the experimental 0.G05 second. )
This fact serves as additional confirmation of the effect
of the resistance on the impact.

To investig~te thp ~ffcct .f the V an~le Jn the
impact vel~citiee, thr~t? wedges were tested with the fol–
lbwin~ data: length 1 = 500 mm; width B = 100 mm; and
V an~le f3= 5“40?, 23Lj, and 303, (These dimensions corre–
spend to 1/3 scalp re?kuction. ) The test results (fig.
14) show that with increase in the V angle there is an
increase in the v~locity ratio v/~o, a fact which is
explain~d by the decrease in the associated nass for
greater V angles, SS alsG follows from the~retical con-
siderations. (See reference 4.)

The test data and the order ~f magnitude of the
?.eviation between the computed an?. test results are given
in table 2.
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The gene~.al character of the three curves of v/v.
against V. is analogous to the curve obtained in test-
ing weclge 1 and the disk. A considerable deviati~n of the
test curve from the theoretical is obtained for @ =
50401, a fact which may be explained. by th~ large effect
of the water resistance kvz for bodies :f small V angle
since the values cf CD and S entering the coefficien-t
k for the case under consideration are large. It may
be generally cancluded, however, on the basis of figure
14,that for large angles (at given I-L),the effect of the
wei~ht Mg and. the resistance’ of the water kV2 is not
large. Thus , in su~lmary, it may be said that the results
obtained previously on the disk tests are confirm~d for
the W@dge t~sts.

IMPACT ON WATER OF A SLOTTED WEDGE AND DISK WITH APERTURE
.

The associated mass coefficient Gf two plates in
tandem (reference 22) , (fig. 15) is less than the asso–
cia.tee?mass of a single plate havin~ a wic’.thequal to the
sum” of the widths of both plates. In other words,a small
sl~t betwe~n the plat?s c~nsiderably decreases the coef-
ficient of associated mass as compared with the value for
cne continuous plate (with thr relative slct width p* = O).

The associated mass coefficient for two flat plates
in tandem is expressed by tho f~rmula

ky . np
[

~(k)
~~(b2–bl+a2–al)2 – —- (az – al)(bz – bl)1 (32)

F(k)

.
(a1,bl,a2,b2 a,re the ccd!rdina,tessf th~ Pntis :Jf the plate
(fig. 16)) where E(k) and F(k) are the ‘ccmplrte ellip-
tic int~grals af the first an~, the 6~c~ndL order and

k2 = (ba - a2)(bl -al).———_—_———————
((?2- al)(b2 -bl)

Setting

a2 -bl b2 - a2
——- —— = P*; ––-—- ‘
bl

q
— al bl - al

gives
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k=
~——-— —-— ——-—

-— (1 + p“)(p + q)

where

P* rati L c,fwidth .f slot to width of plate

~ ratio of widths of plates

F]r th~ associate?. mass coefficient there is obtained

Ay . K*(pl*q) ~fl [(bl - al)z + (b2 - a2)2] . (33)
4

?frb.~r~

(1 + 2p + q)z – 4 ::+ (l+p)(p+q)

w*(Pl*q) = —.- -———— —- ——— —-——— —.-— —-——— ——— —— (34)
1.+ qz

The fact>r P* takes int~ acc aunt thr mutual acticn :f
the plat,=s. For p* = O and q = 1, the coefficient

V* h,as a maximuu value equal ta 2. Figure 16 gives
curves ~f V* against p* far c~nst ant values Sf q.

The ValU9 Jf th~ ass~ciatetl mass for three plates in
tnn?,~~ was computecl by V. Shupa.n>v (reference 22). (The
f,rnulas f:,r the associated mass are given in the special
cas,~ where the plat~s are symmetrical about the center
line ~f the middle plate (fig. 17).) The associated mass
per unit length cf the three plates 3s given by the for–
r.!u1a

()

—

-[

E ~,k
2

n= pm ~ (C2 + b2 – a2) - (C2 – a2) —–—----

I

(35)

F
()
:,k

C2 — bz
k2 = ———-——-

~2 _ ~2

By intr~duction of the magnitude u*, a nondimen—
sional coefficient expressing the uutual effect of the
plates an one another, there is obtained the f~llowi.ng
expresion f~r the associated nass m:

I_ —. -—
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7

El= ?2V*- g~a2 +- (C –b)’T
—- .——

i- 2
(36)

For the cas~ of slots b~twe~n the plates the coeffi–
ci~nt u*, and hence also th~ associated mass m, sharj~ly
fl~crease, Figur~ 18 sh:ws thp change in th~ coefficient

V* c— b a
as a function of —————

b
and —. For ~a=l

b
– that

is, in the abs~nce of slots - v*is equal t; 3; f:}r
:=

o
c— %

and ——<< l– that is,
b

f.r two wid~ly separated plates –

The results cf the ?,rop tests of a sl~tted w~df:e :n
water arp pres~nted b~low. The slatted wedge was ma?.e
up of three plates separated 15 millimeters fr~m Jnr an–
~th~r, The ever–all width of the sl~ts constituted 10
percrnt cf the wifith ;f the wedge. The cliL~ensidns of the
wed~e were the foll~wing (fi&s. 19 and 20): length
L = 1.5 m; over—all width b = 0.3 ;fi;outer V angle P =
5040!; width cf each part .f wedge 90 fire;height of wedge
h = 0.015 m. The individual plates ~f the- we,dge (mad,~ .f
be~ch) were connected. by m~ans ~f an aluminun plate of
5 millimeters thickn~ss . Ovsr th~ slots in the metal plate
round apertures cf 15 millimeters diar~~ter wre cut out,
su~cei. 5 millimeters fr.m each ~ther. In its uver—all
lqimensi~ns the slctted wedge corresponded.t;- thp pr~vi—
,ously test~d c:ntinu!cus wedge, a fact which, tak=n tog~ther
with th~ id,~ntica.1 test weights cf both wod~es made it
possibl~ t~ estimate the ~;fect .f the sl~ts ~n the impact
v~l:jciti~s.

With th= aid ~f formula, (35) th~ assGciat~d mass of
tho sl~tted wbdge was ccmpute?. and in the value cbtain~d
ccrr~ctions wpr~ ulatlefor the finiteness sf th~ spa,n and
the V an~le as in th- CaSP :f th~ continuous wedge. The
ass~ciated mass per unit len~th cf th~ three plates is

m
= pll 1 (C2 + bz --a2) - (.2 - a2) :_!!:>_

T 2

()
F~, k

ka = 0.923~ k = sin q = 0.9607; ‘cf= ‘i’3°441;. .

—- —....—.-..-—. ..———. —-—. —-—-. ——
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whence

since

The correcte& a~eociated mass is

E, = 0.98 the correction far the V angle

~2 = 0,903 the correction for finitp span

m~ = 1.69

The test on the slotteti wedge we.s conducted for two
weights Gl= 12.52 and G2= 13.6 kilograms. For these
weishts , accordin~: to the conputed value of the associated
mass, the vel~city ratio is giv~n by the follcwing figures

Gl = 13.6 kg: G= = 12.52 kg;

Tg ,mg
~L = –G– = 1.22; P = –G– = 1.309

. V. v vu
-f . L . –—– = 0.450 Vo; v = Q-= —— = 0.433 V.

1+~ 2.201 1+11 2.309

For th- continuous wedge for tho same loads the corre–
spOn?Ling c~mputatiOn gives

V = 0.226 V. (for G = 13.6 kg)

and

V = 0.212 VJ (for G = 12.52 kg)

FroLl the above rrsults it is seen that the velocity
ratio for th= case cf the slotted wedge (with the slot
~iuensions given above) is about twice as large as for
ths continuous wedge.
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The test pracetiure for the two wedges was identical.
The ninimum tiue int~rvals At fixed on the photographic
fila was equal to 0.0111 sec~nd for G = 12.52 kilograms
and ().016 sec.~nd.for G = 13.6 kilogram.

The test results (fiK. 21) sh~wed that the velocity
ratiz v/v. for the slotted wedge was not actually
twice as large as far the continuous wedge, as was ob–
tained fron the computation. At large initial impact
velocities (Vc from 3.6 to 6 m/see) the value of the
vel~city rati~ for the slotted wedge was greater than
that for the continuous wedg~ ?)y approxiri.ately 10 per-
cent, while at small initial velocities it was greater by
SO percent.

The ohtaine?. deviation between the computed velocity
values (according to Wagner) for the slotted wedge and the
test results may be explained evidently %y the fact that
with the method used n~ account was taken of the resist=
.ance cf the water on immersi~n of the body which to a
large extent depends on the velocity.

As all our previous impact tests have shown the
velocities before and after i~,pact are net determined by

v
the ratio ~fi (according to Waener). In other

~=

words, although the associated mass for th= slotted wedge
is half as large as that for the continuous wedge (accord-
ing to the theory), thp velocity ratio does not becsne
twice as large because with decreased associated mass
there is an increase in the velocity of inmersion and
hence an increase in the resistance of the water kvs _

tha,t is, an additional decrease in t-he velocity after
impact and the ratio v/va. In fact , even a rough cor—
rection for the effect of the water resistance improves
the agreement between theory and experiment. As an ex–
ample, consider the case of impact of a slotted wedge
(cf weight G = 13.6 kg) with initial velocity V. =
5 neters per second. The vel~city ratio, acc~rding to

the fornula TV– = ~~= for the given case is equal to
o b

0.454; hence the velocity after impact is equal to
v= 0.454 x 5 = 2.27 meters per second. The correction
for the water resistance after an interval At = 0.005
seconC is, according to the curve (fig. 13, L = 1.203)3
equal to AT = 0.95 meter per second. 3y application
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of this correction a new value is obtained for the veloc-
ity-after impact _V2 = V - AV = 2.27 - 0.95 = 1.32 meters
pe? second and for the velocity r-atio v2/v = 0.264.

-According to the test value of V/V: for f. = 5 neters
per sec:jnd is 0.227. lTotwithstanding the rough assump–
tions made, it is evident from the exanple given that
the applied c~rrections bring th~ theoretical computa–
tions in closer agreement with the test ‘results.

l’~r additional checking of th~ results obtained with
the slotted wedg~ special tests were cQnducted t~ det~r–
mine the associated mass of the-wedge. The direct .d~ter-
minati~n of th~ a.ss~ciated mass is pcssible ~,ith the aifi
of th. p~bst r~eth~~ by which the associated mass can be
found from th~ ‘oscillation period .f the body in the
water and in air. (See references 20 and 21.)

The test setup (fig. 22) wzs first checkf?d by testing
on it th~ continu~us wed~e for which an exact formula of

( n
the associated mass is available n = – \

8P i3~l.
)

The

tested plate was of aluninum cf length 3=250 nn; width
B= 50 mu: weight G = 126.8 g; and thickness h = 3 mm.
The edges ~f the plate w~re r~unde?..

A cor:lparison cf the c~mputed with the test results
t;ives the fjllowing figures: ‘test = 0.045 and mcamp =
0.0454 (in the computed ve.lu~ a c~rrecti~n was applied
for the finita span). The results indicetp gotid op@ration
of the test setup.

ThP value :f th~”ass~ciated mass of the sl~tted
plat~s was checked for three aJdels. (See fig. 23. ) All
pl,~es were ~f the same length 1 = 250 millim~ters and
the sane over-all width B = 50 millimeters. (By over-all
wi?.th is mea,nt th~ total width of two couponent plates
plus slot.) On@ >f the plates hhd a slat of width 4
millimeters (10 percent of the total area), ancther 16.5
rcillir.eters (33.3 percent), and the third 1.2 aillineters
(2.4 percent).

The results .f the tests with the slotted plates
(tabl= 3) gave very g~ofi agreeuent with the test values
cf the ass~ciated nass obtained by the fornulas of L.
Se8zv (m = AY2).
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T.KBLE 3

TXST RESULTS FOR DETERMINATION OF ASSOCIATED MASS OF PLATES
————- --—————— — ——.———-————— —.—————-- ———-_ _——— _______

T r ] TC~mputed
Wi,lth We i~ht Ass~ciated assaciatefi

Plate

!J

of slat / of plate mass, n I mass, !2
(mm) ‘(g)

~ (’g-~’:) ~ (“-:=)———— -— _—_— ——— —— .-——————— -_———— ——-—______ ___ ____

1 10 126.75 0.045 0.0454

~

1 ;“2
99.2 .0254 .02?6

3 112.5 .0235 , .0211

4
1

16.5 I 76.62
1

I
● 01095 L_--::::::__—————— -—————— -——- ——————— ———— . -—- ——— ——— ——_—

Thus the tests zn thp slotted wedges entirely cofi–
firned b:,th the the~retical prediction .f a decrease of
the ~sscciated mass in the presence ~f a slot and the
assumption that the decrease in associated r!~assdoes n~t
str’>ngly affect the impact vel~city ratio ca.u$edlby the
a.ilcl,itisnaleff~ct zf the watpr resist?.nce. It is thus seen
that th~ computation ~f the inpact by thr Wagner theclry
?3FS nut corr~spcnd t~ the true c~nditi:ns in a number of
cases.

In a(lciiti~n to the slctted wedge tests there were
also tested a solid clisk of (lial~eter D = 120 millimeters
and th~ sane rlianeter disk with r:Jund aperture diamet~r
(3= 26.4 millimeters (the area of the aperture being 5
percent of th~ t~tal disk area). The o“otained exp~rimen–
tal value of the ass~ciated mass for th~ solid disk
alm~st agreet with the c~apute? value (c = 4/3 pr3),
whil{’ f~r the disk with aperture, since nb theoretical
v~.lue for its ass~ciated ~lass is available, a corresp~n~—

ing couparis~n with experimental results could not be
nade. Judging, however, by the results ~f tho experi-
ments , it may be said (table 4) that the presence of an
ap?rturr of 5 Pf?I?CPIltof the disk area d~creased the
ass~ciatefi mass by 23 pprcent.
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.—-— -———————

Object tested

—- ————_. --—--

Disk . . . . .

Disk with
aperture . .

——— ——— ———.-———.-

A similar

———————

Weight
(m/g)

———— --

87

83.5
-—————-

.——-——-—-.-————

T
——-—---——-

Test value Qf . Theoretical
associated mass “ value of-

--L
ass~cia ted ?ass .

(

kg sec2———— —-— )
(
i~sec~ )

m /,-m J.--—-- —--- —-— -——— -— —---

5.0580 I 0.0586

.0449
.—-.—_————-_——————J -———————————_———

disk (tot?l di~m~ter D = 500 mm; ?iam-
eter ~f aperture 6 = 110 mm) also was testefi.by the drop
methl~?.?.escribed. (See section 3.) The results of these
tests did n~t sh~w any cunsiderabl- changes in the veloc–
iti~s before and after impact as compared with the solid
disk Zcscriborl iz secti~n 4. (See fig. 24.)

CONCLUSION

On th~ bzsis ~f th~ results obtain~cl, the following
conclusions ;~ay be drawn:

1. The”landing on water sf a freely falling b~cly is
?eterr~ine!? by two nm2ndil..ension21 coefficients: namely ,
the Frou?e number and the mass coefficient. For the case
of a seaplan~ landing on water the impact phenomenon is
determined by only the mass coefficient.

2. The results o%tained in computing the impact by the
.methorl:f Wagner give a disagreement between the computed
~and th~ test results in a nuuber of cases. The added cor–
rection in the equation of motion for the weight ~f the
body Mg , the hyfir~static forces 3’Sh; and the resistance
cf the water kv 2 considerably improves the agreement of
the theory with the test results.

3. An increase in the angle of a V shape (within the
range of 59 t~ 30°) considerably decreases the velocity
change on impact.

~ranslatio-n by S. Reiss, “
lTational Advisory Committee
for Aeronautics.
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Ij= 0.016 sec

t s ().006 sec t = 0e176 sec

t - 0.288 sec

Figure 1.- Piotures of drop of wedge on water.
Height of dropq H = 1 m.
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t = 0.0068 sec

t = 0.0119 sec

t u (3.1173sec

t E 0.0085 sec t = 0.2975 sec
.

Figure 2.- Pictures of drop of disk on water.
Height of drop3 H = 1 m.
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Figure 3
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Figure 5.- Record of motion of body falli~g on water.
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= 0.0166 sec

Figure 6.- Typical diagram of distance traverse~ by body in falling”
on water (obtainedfrom film readings).
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Figure 4.- General view of wedge tested.
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Test points, G= ----

8,lkg
Figure 7.- Experimental and ~heoretical curves

of ratio V/VO againgt Vn obtained L A+
in tests on disks of va~ious weights. FiOgure8.- Curve of cha~~e

of velocity of
drop ~l=f(t)]with and with-
out the resistance of the
water (kV2) taken into
account.
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Z’igure9.- Theoretical curves of velocity ratio V/V.

against V. (for the time interval At = 0.016
see) with account taken of the various forces acting on
an immersed disk of weight G = 15.66 kg.
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Figure 10.- Theoretical curves of V/V. against Vo(for time interval At =

0.016 see) with acco~nt taken of the various forces acting
on an imnersed dislkof weight G = 8.1 ‘kg.
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Figure 11.- Experimental and theoretical curves of V/V. against V. obtain
-ed in testing a wedge for various values of M.
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Figure 12.- Experimental and.theoretical curves of V/V. against v for
a wsdge of angle $ = 5°401.
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Figure 13.- Curves of velocities of immersion of a wedge [V=f(t)]with
account taken of the resistance kV2 and the weight Mg. .
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Figure 14.-

,ec

Experimental and theoretical curves of V/V. against V. for
wedges of various?angles.
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Figure 16.- Curves of L* against relative slot
width p*.
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Figure 18.-
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Curve of v* against c-b/b for various
values of a/b.
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Figure 21.-

3

Experimental
o“otainedfor

curves of V/V.
continuous and

6 Vom/sec

against V.
slotted

wedges.
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~i;~~re T4.- Tkperimextal curves of ~T/Vo agaixst V. obtained
fcr solid disk and disk with aperture.
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F@ure 22.- Set u? for determination of associated mass.

F@ure 23.- Plates tested.
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